ad Nanoantennae show potential for photosynthesis research for two reasons; first by spatially confining light for experiments which require high spatial resolution, and second by enhancing the photon emission of single light-harvesting complexes. For effective use of nanoantennae a detailed understanding of the interaction between the nanoantenna and the light-harvesting complex is required.
Introduction
In the initial step of photosynthesis solar energy is absorbed by light-harvesting (LH) complexes, after which the excitationenergy is transferred rapidly and very efficiently to a reaction center where charge separation occurs. 1, 2 To understand the amazingly high and robust transfer efficiency (490%) several spectroscopic methods have been used to study photosynthetic systems at different levels. Particularly single-molecule fluorescence studies have given valuable information on the electronic properties of individual LH complexes, which are otherwise hidden in the ensemble average. 3, 4 However, the low fluorescence quantum yield (QY) and poor photo-stability of LH complexes complicate such studies especially at physiologically relevant temperatures. To study the systems under nearly natural conditions one has to measure intact membranes.
Combining spectroscopy with microcopy, in principle, allows spatial information of the heterogeneous membranes to be obtained. 5 Unfortunately, the size of the area excited by a strongly focused light beam (B300 nm diffraction limit) is orders of magnitudes larger than the size of a single lightharvesting complex which is in the range of 5-20 nm. 6, 7 Metal-nanoantennae are promising candidates in microspectroscopic photosynthesis research. Resonant excitation of the nanoantenna leads to the concentration of the electromagnetic fields into sub-diffraction limited volumes, as small as 10-50 nm in size. [8] [9] [10] Fluorophores placed in these localized ''hot-spots'' experience enhanced excitation rates. When the emission wavelength is resonant with the antenna, the high local density of optical states leads to enhancement of the radiative rate, which increases the fluorescence QY and shortens the fluorescence lifetime. 11 These enhancements can be used to increase the emission of single light-harvesting complexes up to 500 times. 12 Even over 1000-fold fluorescent enhancement has been reported for single dye molecules. 13, 14 Moreover the spatially confined electromagnetic field potentially allows measurements on photosynthetic membranes with a very high spatial resolution of B10 nm. 15 To design an optimal nanoantenna for a specific experiment, it is important to understand the effect the antenna has on the excitation and emission of the fluorophore. On the emission side, it has been shown for quantum dots 16 and organic dyes 17, 18 that the polarization is controlled by the resonant nanoantenna.
Another effect is the modification of the emission spectrum, as the antenna most strongly enhances transitions resonant with the antenna. [19] [20] [21] [22] [23] Most importantly, nanoantennae are able to increase the fluorescence signal; the total enhancement is given by the product of excitation-enhancement and QY-enhancement. The intrinsic QY of a fluorophore (QY 0 ) is given by: QY 0 = k r0 /(k r0 + k nr0 ), with k r0 and k nr0 being the intrinsic radiative and non-radiative decay rates. The nanoantenna enhances the radiative rate with the Purcell factor (P). However, as the fluorophore comes close to the metal surface a part of its emission is transferred to the metal and dissipated into heat; this occurs at the rate k met . 24, 25 The decay rates of the molecule in the presence of the antenna are thus: k r = PÁk r0 , k nr = k nr0 + k met , and the QY = k r /(k r + k nr ). For a poor emitter with QY 0 { 1, the QY increases with the Purcell factor. However, for a good emitter with QY 0 close to unity, the QY will only decrease due to losses into the metal. 26 The enhancement of the radiative and non-radiative rate leads to a shortening of the fluorescence lifetime (t): t = 1/(k r + k nr ).
As the fluorophore spends less time in the excited state, the photostability will increase and thus a higher number of photons can be detected before irreversible photobleaching occurs. 27, 28 To date only a few studies on emission enhancement of lightharvesting complexes have been reported using chemically synthesized metal nanostructures such as silver island films, 29, 30 gold, [31] [32] [33] and silver nanoparticles. 34 In most studies the individual contributions of excitation and QY changes to the total fluorescence enhancement have not been disentangled. In general, for simpler fluorophores, only a few experimental studies have investigated this 14, 35, 36 and quantified the specific contribution of the radiative and non-radiative decay rate enhancement. 25, 37, 38 Here, we report the complete characterization (polarization, spectra and lifetime) of the enhanced emission of light-harvesting complex 2 (LH2) from purple photosynthetic bacteria when coupled to a gold nanorod antenna. Antennae of increasing lengths were used to investigate how the resonance wavelength affects these properties. Excitation at a wavelength non-resonant with the antenna allowed the relative QY enhancement as a function of antenna length to be quantified. Using this information and the fluorescent lifetimes we estimated the radiative and non-radiative rates independently. Next, by tuning the excitation wavelength in resonance with the antenna we determined the excitation enhancement as well. The combined effect of excitation and emission enhancement resulted in a total enhancement of 23 times. Our experiment and simulations give a detailed description of the interaction of the nanoantenna with LH2. The insight is important in order to be able to apply nanoantennae successfully and quantitatively in photosynthetic spectroscopy and microscopy.
Results and discussion
Light-harvesting complex 2 attached to an array of nanoantennae LH2 from Rhodopseudomonas acidophila is a cylindrical chromophore-protein complex which coordinates 9 carotenoids, absorbing between 450 nm and 550 nm, 9 weakly excitonically interacting bacterioChlorophylls-a (bChls) absorbing at approximately 800 nm (B800 ring), and 18 strongly interacting bChls absorbing around 850-860 nm (B850 ring). 1, 39 Light energy absorbed by the carotenoids and the B800 ring is transferred within one picosecond to the B850 ring, 40 from which emission occurs. The LH2 absorption and emission spectra are presented in Fig. 1a .
The resonance wavelength of a dipole antenna scales linearly with its length for light polarized parallel to the long antenna axis. 41 To match the resonance to the emission wavelength, gold nanorods (NRs) of different lengths were fabricated on a glass coverslip by electron-beam lithography, gold evaporation and lift-off. The height and width of the NRs were kept constant at 50 nm and 60 nm, respectively, while the lengths were increased in 10 nm steps from 110 nm to 220 nm. This allows the antenna resonance to be tuned with respect to the LH2 emission and excitation wavelengths ( Fig. 1a and b) . Two successive NR columns have the same rod lengths, but the orientation is with the long axis either parallel (J) or perpendicular (>) to the polarization of the excitation light (Fig. 2a) . The resonance wavelength of the >-NRs is around 620 nm for all the NR lengths (data not shown). The NR extinction (scattering + absorption) as a function of the NR lengths is plotted in Fig. 1b , for wavelengths corresponding to the excitation (l = 532 nm, 800 nm, 850 nm) and the LH2 emission (l B 870 nm). The large extinction at l = 800 nm and l = 850 nm for J-NRs of certain lengths indicates that strong excitation enhancement is expected for these antennae. Such extinction does not occur for >-NR orientation or at l = 532 nm (Fig. 1b) . The LH2 emission (l B 870 nm) overlaps well with the extinction spectra of the L = 150-180 nm NRs; thus for these NRs emission enhancement is expected (independent of the wavelength or polarization of the excitation light). LH2 was chemically attached to the gold NRs with a thiol selfassembled monolayer (SAM) of 16-amino-1-hexadecanethiol (Fig. 2a) . The positively charged amino-groups (at pH 8) of the thiol SAM can interact with the negatively charged amino acids of the LH2 protein and as such link LH2 to the nanoantenna. The total distance between the LH2 emitter and the gold is the sum of the SAM thickness (2.3 nm 42 ) and the distance between B850 and the SAM. Assuming that the LH2 cylinders lie flat on the SAM, as has been observed for various charged surfaces, 43 the B850 to SAM distance is B3.5 nm for LH2 from Rhodopseudomonas acidophila. 39, 44 This gives a total spacing between the emitter and the surface of B6 nm, while the distance to the B800 ring is B1.5 nm less. In this arrangement strong enhancement of the radiative, non-radiative and excitation rates can be expected. In combination with the antenna array design this allows the enhancement effects to be studied as a function of both antenna lengths and orientation.
Antenna modified polarization and spectrum of the LH2 emission
First we investigate the effect of the nanoantennae on the polarization of the LH2 emission. A confocal fluorescence image of a nanoantenna array was recorded for excitation with linearly polarized light at l = 532 nm. Fig. 2b shows the Degree of Linear Polarization (DLP) of the fluorescence emission, defined as DLP = (I J À I > )/(I J + I > ) with I > and I J the fluorescence intensity polarized perpendicular and parallel with respect to the excitation polarization (see Fig. 2a ). The DLP changes between positive and negative, showing that the DLP is determined by the orientation of the long axis of the NRs in the array. The DLP is plotted against the NR length in Fig. 2c .
The absolute values are highest for NRs in the range of L = 140-180 nm, indicating that the LH2 emission is coupled most efficiently to these NRs. A maximum DLP of 0.74 AE 0.04 is reached for L = 170 nm NRs, which is close to the theoretical maximum of 0.8 for the high numerical objective used in this work (NA = 1.46). The change of DLP to maximum values, both positive and negative, shows that the polarization of the LH2 emission can be fully controlled by the nanoantenna orientation. A resonant antenna also modifies the emission spectrum of a fluorophore. [19] [20] [21] The presence of the antenna changes the local density of optical states, resulting in an enhanced probability of the transition of the lowest excited electronic state to specific ground state vibrations with the transition energy closest to the plasmon resonance energy. Emission spectra of single LH2-AuNR hybrid systems were recorded (Fig. 2d) . The spectra shifted depending on the NR lengths. The strongest blue-shift was observed for L = 130 nm NRs, while the emission spectrum was most red-shifted for L = 190 nm NRs. Indeed the extinction maxima of the NRs peak at wavelengths shorter than the LH2 emission for L = 130 nm NRs, while the maxima red-shift with increasing NR lengths. For NRs outside the L = 130-190 nm range the spectral shaping is less pronounced, reflecting a weaker coupling between the LH2 emission and the antenna mode.
Antenna enhanced LH2 emission
Next we focus on the fluorescence enhancement. First we excite at l = 532 nm, which is non-resonant for the NRs and excites J-NRs of different lengths equally (Fig. 1b) , and therefore only changes in the fluorescence QY will be observed. Confocal fluorescence images were recorded ( Fig. 3a) and analyzed to extract the relative intensity for each NR length of the two orientations. The signal was first normalized to the antenna surface area available for LH2 binding, and next normalized to the signal for the NRs with L = 220 nm, which is mostly out of resonance with the emission wavelength. The maximal enhancement is 3.6Â for L = 170 nm NRs (Fig. 3b) . Slightly higher enhancement factors were found in the case of l = 532 nm excitation for >-NRs compared to J-NRs (Fig. 3b) , which can be attributed to a small contribution of enhanced excitation through the transversal mode. Next we excite with l = 800 nm, which is expected to enhance the excitation of J-NRs having their l/2 plasmon resonance at this wavelength. A maximal enhancement of 15Â is found for J-NRs with length L = 150 nm. This total enhancement arises from both excitation and emission enhancement. The contribution of the excitation enhancement can be separated by comparing resonant and non-resonant excitation, both as a function of the NR length, L. Thus we calculate the excitation enhancement as the ratio of total enhancement at 800 nm and 532 nm, for each length (Fig. 3d) . The excitation enhancement reaches a maximum of 6Â for the L = 150 nm NR, in agreement with the largest extinction observed at this wavelength (Fig. 1b) . No enhanced excitation is expected for >-NRs with l = 800 nm light, and therefore, they have the same spectrum as J-NRs excited with l = 532 nm light. However, the enhancement for >-NRs at l = 800 nm around L = 150 nm is somewhat higher than the non-resonant case (Fig. 3b) . This can be attributed to the spatially inhomogeneous polarization of the excitation beam, which also contains perpendicular components in the focal spot of a high NA objective 45 and therefore to some extent oriented along the long antenna axis giving rise to enhanced excitation (see SI. 1, ESI †). With excitation at l = 800 nm, the maximal enhanced excitation is reached for L = 150 nm J-NRs, while the maximum of QY enhancement is found for L = 170 nm NR. To fully benefit from the synergistic effect of both enhancement types the excitation needs to be tuned to a longer wavelength. Indeed shifting to light at l = 850 nm the excitation enhancement reached a maximum of 6Â for L = 170 nm J-NRs, giving a total enhancement of 23Â ( Fig. 3c and d) . It should be noted that for l = 850 nm excitation a different long-pass filter (l = 885 nm) was used, which only transmits the long-wavelength part of the emission. This part is more enhanced by the longer NRs (Fig. 2d) , giving rise to a somewhat higher apparent enhancement for these NRs.
Resonant enhancement of the radiative and non-radiative decay rates
Radiative and non-radiative decay rates of a molecule in the proximity of a nanoantenna are altered due to the modified local density of optical states. The observed fluorescence enhancement is the result of the competition between both rates. Therefore, it is important to deduce the relative contribution of these two competing factors to the total fluorescence decay rate. Here we address this issue. All of the confocal fluorescence images were measured in the time-tagged timeresolved mode, which for every detected photon stores the photon arrival time relative to the corresponding laser excitation pulse and allows a fluorescence decay histogram to be constructed. Histograms were compiled for photons detected in the areas of the confocal image with NRs of the same lengths. Fig. 4a shows examples of histograms from a selection of LH2-NRs together with the instrument response function (45 ps at full-width half-maximum). The fluorescence lifetime was obtained by fitting the histograms with a sum of exponentials convoluted with the Instrument Response Function. A small contribution (typically 5%) of a slow decay component (0.5-0.9 ns) was needed to describe the data for each NR length. This component was ascribed to background fluorescence of uncoupled LH2s and therefore not taken into account further. One or two major components with (sub)100 ps lifetimes were needed to fit the decay histograms. The shortest (amplitude averaged) lifetime t = 38 ps (k r + k nr = 26 ns À1 ) was found for L = 160 nm LH2-NRs, indicating that the strongest resonant decay enhancement was reached for this antenna length. The longest lifetime t = 125 ps (k r + k nr = 8 ns À1 ) was found for L = 110 nm and L = 220 nm NRs (Fig. 4b) , which are both off-resonance with the LH2 emission (Fig. 1b) . Nevertheless, 125 ps is far shorter than the lifetime of 1.1 ns measured for LH2 in solution (in agreement with literature values 46, 47 ).
This lifetime reduction can partly be attributed to the short distance (6 nm) between the emitter and the antenna, allowing for quenching by non-resonant energy transfer to gold. 24, 25 Also immobilization of the complex 47, 48 and possibly singlet-singlet or singlet-triplet annihilation in LH2 49, 50 can shorten the fluorescence lifetime. Finally, the L = 110 nm and L = 220 nm antennae are not completely out of resonance with the LH2 emission, as is particularly clear for the 220 nm NR for which the emission is still partly polarized along the antenna axis (Fig. 2c) .
To be able to deduce the individual contributions of the radiative rate and the non-radiative rate to the fluorescence lifetime we need to know the quantum yield of the emission: QY = k r /(k r + k nr ) = k r Át. The QY of LH2-NRs of different lengths relative to L = 220 nm is known from the measured emission enhancement spectrum (Fig. 3b , J-NRs l = 532 nm). The radiative rate of the antenna enhanced emission is given by: k r = PÁk r0 . The intrinsic LH2 radiative rate (k r0 ) was assumed to be the same as in solution which is 0.1 ns
À1
. 46 Thus the only unknown is the Purcell factor for the L = 220 nm antenna. As a first approach we have assumed several reasonable values for P: 1, 6 and 12. With these P values both k r and k nr , as a function of the antenna length, were determined from the experimental lifetime and enhancement data (Fig. 5a) . The k r is enhanced 11 times for L = 160 nm NRs compared to L = 220 nm, independent of the assumed Purcell factor. Importantly, k nr is also resonantly enhanced by a factor of 2 to 3. This non-radiative rate enhancement can be explained by the increased spectral overlap between the fluorescence of the emitter and the absorption of the metal, leading to more efficient energy transfer to the gold. 37, 38 To explore these findings further we performed finitedifference time-domain simulations 26 of the antenna-emitter system (FDTD Solutions, Lumerical). The LH2 with its 27 BChl is modeled as a single point dipole source. This simplification is justified by considering that the dipole which is mostly enhanced also contributes most to the fluorescence signal. 12 The dipole source was positioned at a distance of 6 nm from the end of the antenna and oriented longitudinally with respect to the antenna axis. The radiative rate enhancement (Purcell factor) was calculated as a function of wavelength for the NRs of different lengths.
The values obtained at the LH2 emission wavelength (l = 870 nm) are plotted in Fig. 5b . The QY of the antenna (QY ant ), which is the fraction of energy radiated into the far-field, is also shown. Two different positions for the dipole source at the end of the antenna were also modeled (see SI. 2, ESI †). Both positions showed a comparable NR length dependent change of the Purcell factor, albeit with lower values. The QY ant was almost unaffected, meaning that the non-radiative losses were decreased equally strongly as the radiative rate. The total QY of the coupled antenna-emitter system was calculated based on QY ant , P and the intrinsic QY of the emitter (QY 0 ) according to:
The QY 0 for LH2 in solution is 0.1; 46 however the immobilization process itself probably led to a decrease of the quantum yield, therefore lower values were also used for the calculation (Fig. 5b) . These values were used to calculate the radiative rate, non-radiative rate and the fluorescence lifetime of the coupled system (Fig. 5c ). With QY 0 = 0.025 the measured fluorescence lifetimes were adequately reproduced. The simulation shows that the radiative rate is strongly NR length dependent and that the non-radiative loss is resonantly enhanced, in agreement with the experimental observations (Fig. 5a ). The resonant non-radiative rate enhancement is often overlooked, but it decreases both the fluorescence lifetime and the fluorescence QY of the coupled system and is therefore an important factor to take into account.
Conclusion
The use of metallic nanoantennae is gaining ground in fundamental science and enables novel applications. Indeed the interaction of nanoantennae with single photon emitters has already been investigated in great depth. However, if we want to use nanoantennae for photosynthesis research it is crucial to understand how nanoantennae influence the emission properties of light-harvesting complexes that coordinate multiple excitonically interacting pigments. In this work we have studied the interaction between dipole nanorod antennae and lightharvesting complex 2 (LH2) from purple bacteria. The polarization of the LH2 emission was fully controlled by the resonant antenna. The fluorescence intensity was enhanced 23 times by a combination of both excitation and emission enhancement. Experimental data and simulations show that the radiative rate is strongly enhanced by the resonant antenna, however also that the non-radiative rate is increased. The combination of both processes leads to a strong reduction of the fluorescence lifetime. The interplay of all these effects needs to be carefully considered when designing an experiment for photosynthesis research. Most importantly it opens up ways to explore photosynthetic complexes with much higher sensitivity on a localized scale under natural conditions.
Materials and methods

Sample preparation
Light-harvesting complex 2 (LH2) was purified from Rhodopseudomonas acidophila (strain 10 050). 31 Gold nanorods (NRs) of different lengths were fabricated on a glass coverslip with a 50 nm Au layer and a 1 nm titanium adhesion layer by negative-tone electron-beam lithography in combination with reactive-ion etching. The NRs were covered with a SAM of 16-amino-1-hexadecanethiol (Dojindo EU GmbH) by placing them overnight in a 1 mM solution in ethanol; unbound molecules were removed by rinsing with ethanol and 1 minute of sonication in ethanol. LH2 was diluted to an OD 860 nm of 0.5 cm À1 in buffer (0.1% LDAO, 20 mM Tris, pH 8.0) and incubated with the SAM covered gold NRs for 2 minutes. Free LH2 complexes were removed by gently washing with the buffer.
Time-resolved confocal microscopy
Microscopy was performed using a commercial time-resolved confocal microscope (Micro Time 200, PicoQuant, Germany). The excitation was with linearly polarized light at l = 800 nm or l = 850 nm (titanium-sapphire pulsed laser, coherent) or l = 532 nm (PicoQuant diode laser), with a repetition rate of 76 MHz or 50 MHz, respectively. A high numerical aperture (1.46, 100Â, Zeiss) oil immersion objective mounted on an inverted microscope (Olympus) was used for both excitation and collection. The fluorescence light was separated from the excitation light using a dichroic mirror and long pass filters (l = 835 nm + 850 nm) and detected on a single photon avalanche diode (PDM, Micro Photon Devices). Images were recorded by raster scanning the objective in 100 or 150 nm steps over the sample.
Analysis of confocal images
The fluorescence counts of the confocal images were integrated in the y-direction to obtain the total fluorescence counts of the NR-LH2 hybrids of a specific length and orientation. The small level of background fluorescence was subtracted. The fluorescence counts from each NR lengths were divided by the exposed surface area, to correct for the different amount of LH2 complexes which can bind to gold. The fluorescence level was normalized to the L = 220 nm NRs (parallel excitation for l = 532 nm, and perpendicular excitation for l = 800 nm and l = 850 nm excitation).
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